During the past century, the number and scale of reservoirs worldwide has grown substantially to meet the demand for water and hydropower arising from increased population, industrialization, and urbanization. This is particularly the case in China, where reservoir construction increased rapidly after the Chinese economic reform and the introduction of open-door policies. On average, 4.4 large reservoirs with a capacity greater than 0.1 km 3 were constructed per annum during the 1970s-1990s. This average reached 11.8 such reservoirs per annum in the 2000s. Considering the adverse impact of dams on rivers and riparian communities, various environmentalists and non-governmental organizations in China have begun to protest against the construction of dams. Now China's policy on dams is at a crossroads: Removal or further construction? In this paper, we systematically assess the construction of reservoirs in China and discuss the benefits and drawbacks of large-scale reservoir projects on several major rivers in China: The Yangtze River, the Yellow River and the Mekong River. Lastly, we provide a perspective on the future of reservoir development in China, taking into account natural conditions, renewable hydropower resources, and greenhouse gas emissions.
Introduction
During the past century, the number and scale of reservoirs worldwide has grown substantially to meet the demand for water and hydropower arising from increased population, industrialization and urbanization. It is reported that an average of two dams with heights exceeding 15 m were completed each day throughout the latter half of the 20th Century [1] . To date, over 50,000 such dams have been constructed globally, contributing to a total storage capacity of more than 8300 km 3 [2] . At present, more than 60% of the world's rivers are dammed. According to the latest Global Reservoir and Dam (GRanD) database [3] , the total capacities, by country, of the largest reservoirs capacity (>0.1 km 3 [4] . The total capacity grew at a rate of 4.43 km 3 per annum between 1973 and 1999, and the rate increased to 20.63 km 3 per annum after 2000 ( Figure 1 ). Although almost all the rivers in China are now regulated by reservoirs, China still has considerable capacity for further exploitation of its residual water resources. According to the China Water Resources Bulletins from 2006 to 2010, on average about 22.34% of the total available water resources in China were being exploited and utilized. There are very significant differences among the river basins: The northern basins have >50% utilization and the Haihe river basin has even reached >90% utilization. 
Negative Impacts from Reservoir Development
Reservoirs provide considerable socio-economic benefits by increasing the water supply available for municipal, industrial, and agricultural uses, controlling floods, and generating hydropower. At the same time, reservoirs also cause severe negative impacts, including biodiversity depletion, ecosystem degradation, and population displacement, etc. Illustrative examples are provided by the large-scale reservoir projects on the Yangtze River, the Yellow River, and the Mekong River in China.
The Three Gorges Reservoir (TGR) on the Yangtze River is the largest river regulation and hydroelectric power station in the world [5] . It cost more than US $32 billion to construct and has an operational water level 110 m above the downstream river level. The TGR has a water surface area of 1080 km 2 , and the Three Gorges Dam controls a watershed area of over 1 million km 2 . The TGR has involved resettlement of more than 1.2 million local residents whose original habitations were located below the post-TGR upper water level. Although China has spent more than US $6.3 billion on resettlement programs [6] , complicated social challenges have arisen in helping the resettled former residents to adapt successfully to their new surroundings [7] . Water retained in the TGR has submerged an estimated 1300 sites of cultural and archaeological interest [8] . Construction of dams along the Yangtze River has impeded the spawning migration of certain fish species, leading to considerable reductions in the numbers of Chinese sturgeon (Acipenser sinensis) and Dabry's sturgeon (Acipenser dabryanus), and the possible extinction of the Chinese paddlefish (Psephurus gladius) [9] . Following the 156 m impoundment in 2007, the phytoplankton diversity index was observed to have decreased from 85.52% to 32.32% in tributaries in the TGR region. River flow in the Yangtze is generally slower than it was, leading to decreased scour of the river banks and blooms of toxic algae in tributaries. The vast area covered by the TGR has encouraged the spread of Oncomelania snails, which carry the parasitic disease schistosomiasis [10] . Another drawback of the TGR arises from its sheer scale-The immense hydrostatic loading created by the water behind the dam may induce seismic activity and the raised water level may result in landslides and erosional processes [11] . The potential risk of dam failure must also be considered because this would affect more than 70 million people living downstream. The dams also impaired the natural habitats of the now-extinct Chinese river dolphin Lipotes vexillifer [12] .
The second example is provided by the cascade of more than 25 hydraulic projects along the Yellow River, with a total reservoir volume exceeding 55.75 km 3 . The Yellow River is the second largest river in China and contributes about 6% of global river sediment load [13] . Surface water evaporation from the upper and middle mainstream reaches of the Yellow River increased by approximately 68% after the construction of these reservoirs, resulting in a corresponding 2.3% decrease in water discharge [14] . The reservoirs in the Yellow River regulate both water discharge and sediment load, and control the amount of sediment deposited in the downstream channel. In the past, especially from the 1970s to the end of the 1990s, low flows in the lower Yellow River led to increased deposition that elevated the riverbed, prolonging the periods during which the river dried up. At Lijin, near the mouth of the river, no discharge was recorded for a total of 226 days in 1997 [15] , which hastened the formation of the so-called 'suspended river' [11] . Moreover, the increased deposition aggravated the risk of major floods occurring in a river that has a long history of flood disasters. The cascade of reservoirs has greatly improved the water-sediment situation in the Yellow River: the occurrence of zero flow events has been reduced in recent years and the riverbed is no longer significantly rising. Consequently, most of reservoirs are gradually silting up, even after regular flushing. Furthermore, the barriers created by the dams have resulted in reductions in the numbers of certain indigenous species of semi-migratory fish [16] . It has been reported that about 13 fish species in the Yellow River are already almost extinct, including Cultrichthys erythropterus, Leiocassis crassilabris, Oryzias latipes, and Mastacembelus aculeatus [17] .
The final and perhaps most contentious example is the dam cascade under construction along the Mekong River. For this case, we consider the river basin as a whole, rather than focusing solely on the upper reach in China. The Mekong River rises in Tibet and flows for 4800 km before eventually discharging into the Gulf of Thailand. The Mekong River Basin occupies a total area of 795,000 km 2 and overlaps parts of China, Myanmar, Thailand, Laos, Cambodia, and Vietnam, and has a mean discharge rate of about 14,500 m 3 /s. Since the early 1990s, China has been constructing a cascade of 8 dams with a projected total volume exceeding 40 km 3 along a 750 km reach of the upper Mekong River (known as Lancangjiang in Yunnan province, China). The first four dams at Manwan, Dachaoshan, Jinghong, and Xiaowan were completed in 1993, 2003, 2008, and 2010. Other dams are presently under construction (see Table 1 for more details). The dams provide China with considerable hydropower, which will add up to more than 15,000 MW when all are operational, and should provide the benefits of flood prevention in the wet season and drought alleviation in the dry season through flow regulation. However, field measurements at hydrological stations along the Mekong River have indicated that operation of the Manwan dam may have altered downstream flow and sediment discharge characteristics, causing increased intermittent fluctuations during the dry season and a decline in sediment flux-The latter extending as far as the lowest reach of the Mekong River [18] . More recently, it has been suggested that the historical baseline low-flow levels of the Mekong River will have changed irrevocably by the time that China has completed construction of the upper Mekong cascade of dams [19] . Laos stands to benefit from about US $25 billion in foreign investment and US $2.6 billion in revenue per annum from exported energy [10] , but at enormous environmental cost to the Mekong basin. The Xayaburi dam in Laos could render two species of giant catfish, Pangasianodon gigas and Pangasius sanitwongsei, extinct. There have been warnings that the dams under construction by China and planned by Laos will have dire consequences for the Tonlé Sap (or Great Lake) in Cambodia, which is connected by a tributary to the Mekong River [10] . In Cambodia, the loss of migratory fish species as a result of hydroelectric dams poses a direct threat to the security of food and income. It is estimated that no less than 80% of Cambodia's protein comes from the Tonlé Sap basin, making Cambodia particularly vulnerable to any change in fish stocks in the basin. In the lower Mekong basin, seasonal flooding occurs at an estimated net cost of about US $50 million per annum, and seasonal drought occurs at an estimated cost of about US $10 million per annum solely in terms of loss of rice production [20] . Although completion of the entire cascade of dams will help regulate the usual flood cycle, it should be noted that there will be adverse repercussions for farmers who rely on nutrient-rich sediments being deposited during flood events [18] . With dams proposed along the lower stretches of the Mekong River, this situation is set to become even worse. Vietnam estimates that the Xayaburi dam will reduce nutrient-rich alluvial deposits in the Mekong Delta from 26 to 7 million tonnes per year [21] . This loss of soil nutrients for downstream farmers will result in reduced soil fertility, yields, and income [22] . Some researchers have raised the concern that the cascade of dams could damage the ability of the Mekong River to return to equilibrium, and propose further studies into the impact of the dam cascade on the water-sediment characteristics of the Lower Mekong River. Moreover, the dams may worsen the issue of saline intrusion in Vietnam. Currently, the last 10 to 20 km of the river experience salt intrusion, which impacts farmers in the area. The cumulative effects of another 11 planned hydropower schemes along the lower Mekong River could also be disastrous for smaller migratory fish species, leading perhaps to a more than 40% decrease in fish stocks [23, 24] . 
Discussion and Perspectives
As a consequence of the negative impacts outlined above, some environmentalists and non-governmental organizations (NGOs) in China have begun to campaign against China's dam construction policy, influenced by the 'anti-dam' movement in the U.S. that began in the 1960s. These campaigners believe that the adverse impact of dams on rivers and riparian communities outweighs the benefits, and propose dam removal as the best way to restore healthy rivers and riverside communities in China. This idea rapidly propagated throughout China at the same time as dam construction accelerated after 2000.
So now China's policy on dams is at a crossroads. Should China follow the economic, flood control, energy, and irrigation imperatives and continue to construct dams? Or should it reject further plans for construction and remove pre-existing dams in order to let the rivers run free, and hopefully return to halcyon days, as viewed from environmental and societal perspectives? It is particularly difficult for stakeholders in China to choose between the options because of the scale of the problems encountered whichever way the decision goes.
There is precedent for the removal of existing dams in developed countries. Hydropower in developed countries is comparatively mature, with those countries having already undergone the period of large-scale hydropower development. Moreover, most of the dams removed in developed countries were dilapidated, had existing problems, and/or were of small capacity. In our opinion, it is both unrealistic and inadvisable to reject arbitrarily all dams in China. Firstly, the natural hydrological conditions in China include a unique monsoon climate, highly non-uniform rainfall distribution, and strong peak river-flow variability. These factors have resulted in frequent drought and flood disasters throughout history. Dams are able to effectively attenuate peak flood discharges during the wet season, while adjusting to the competing water supply and ecological water demands of the middle and lower reaches of a river during the dry season. At the time of writing, dams and reservoirs in China provide flood protection to more than 310 million people and 3.2 × 10 5 km 2 of arable land. Moreover, grain production from dam-related irrigation areas accounts for ~70% of the total output of grain in China. If all dams were to be removed, the total indigenous grain output in China would be halved, and hundreds of millions of people could then face possible starvation.
Secondly, dams exploit China's abundant renewable hydropower resources, and the electricity produced has helped meet the rapid growth in energy demands associated with economic and societal development in China. The technically exploitable hydropower potential in China is about 2474 TWh/yr, but the actual hydropower generated is about 565.5 TWh/yr [25] . The hydropower development ratio is only 22.86%, far behind that of many developed countries, e.g., Italy (over 90%), France (90%), Japan (84%), USA (80%), and Germany (73%). Moreover, the exploitable hydropower in the western provinces accounts for more than three-quarters of the total exploitable hydropower in China (Figure 1 ), but the hydropower development ratio there is less than 10%. In order to bridge the gap between energy supply and demand while meeting its economic objectives as a developing country, China must increase its utilization of renewable energy, rather than relying on energy imports.
Thirdly, China has been the world's highest emitter of greenhouse gases since 2007. Global climate change has brought forward a new challenge for modern China. At present, most electricity in China is generated by coal-fired power stations, with only 9% originating from non-fossil-fuel sources in 2010. China has pledged to reduce its carbon intensity (the amount of carbon dioxide produced per unit of economic growth) by 40%-45% of 2005 levels before 2020 [26] . In the case of the TGR, the huge levels of hydropower production can replace 50 million tons of coal equivalent consumption, 0.1 billion tons of CO2, 2 million tons of SO2, 10,000 tons of CO, and 370,000 tons of nitrogen oxide, when compared with coal-fired power plants [6] . The 12th Five-Year Plan for 2011-2015, adopted by the National People's Congress of the People's Republic of China in March 2011, states that 15% of energy will be generated from non-fossil-fuel sources by 2020. Considering the return on investment (ROI), development potential, and current development levels of nuclear, solar, and wind energy in China, the 12th Five-Year Plan pointed out clearly that 9% of China's energy will need to come from hydropower by 2020. To meet this target, a massive expansion in hydropower will be needed.
The foregoing hydrological risk mitigation, energy security, and low carbon arguments mean that dam construction remains a necessity during the present stage of development in China. However, the authorities in China are increasingly aware of the painful lessons drawn from the failure in the past to achieve fully sustainable reservoir development, and are taking note of various perspectives including those of the international anti-dam movement as well as the international community of hydropower engineers and scientists. River basin authorities in China should consider making the following adjustments to their policies concerning reservoirs and dams:
(1) Processes for public and stakeholder engagement should be established. The involvement of society at large in decisions about dams is an inevitable consequence of social development, and it is important that the general public be encouraged to participate in the decision-making process.
In particular, all relevant information should be assessed openly and objectively. (2) Eco-environmental monitoring systems should be established for the entire period during which the dam is constructed, in operation, and decommissioned. China has started to construct such monitoring systems, and has already begun to reap the benefits. However, most of the current monitoring systems only serve reservoirs that are in operation or under construction. Reservoirs that are being decommissioned have so far tended to be ignored. (3) Eco-environmental impact assessments conducted during studies of reservoir feasibility should be comprehensive and consider all the short-and long-term benefits and drawbacks. These assessments should take into account all competing interests-including positive and negative effects on the people in the upper, middle, and lower reaches of the affected river. This should encompass trans-boundary interests and involve dialogue between affected provinces and nations. Current environmental impact assessments focus heavily on the immediate, and often obvious, outcomes of reservoir construction and may not consider the longer-term effects on the physical and human ecology of an area. More comprehensive assessments would allow longer-term scientific and technical predictions to be coupled with political and social assessments in order to influence decisions over whether reservoirs can be built with minimal environmental impact and in a way that protects the social and environmental rights of affected communities. To date, such considerations have not been granted enough emphasis in the design and construction of dams in China. (4) Eco-environmental impact and running benefits of existing reservoirs should be evaluated scientifically. Reservoirs provide considerable benefits; however they also unavoidably have severe ecological and societal impacts. Evaluation of existing reservoirs should include integrated input from experts in the fields of sociology, economics, and environmental science, and should also involve public participation. China has started to implement such integrated evaluations for representative reservoirs but, so far, the evaluations have involved only a limited number of experts. This has restricted publicity of the information and awareness of the relevant findings. (5) Resettlement policies should be strengthened so that they fairly safeguard the legitimate rights, equity, and wellbeing of the people displaced by dams and reservoirs. This involves ensuring that displaced people are involved as stakeholders through consultation, participation, decision-making, and supervisory activities.
China's policy towards dams is at a crossroads. The way forward involves a sensitive compromise between satisfying the economic and societal demands for flood control, water supply, food, and energy security, while also achieving a more balanced approach to river-basin management that is in keeping with Nature as well as Mankind.
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